I. INTRODUCTION
Interaction between electromagnetic (EM) waves and coherent fluctuations of electron gas at a metal-dielectric interface creates EM surface waves called surface plasmons (SPs). 1 In optical region, SP fields are strongly confined at the metal-dielectric interface and have decay lengths of subwavelengths. At lower frequencies, in terahertz (THz) and microwave regions, metals also support surface modes known as Zenneck waves on flat surfaces and Sommerfeld waves on cylindrical surfaces. [2] [3] [4] Surface modes in THz and microwave regions exhibit very weak confinement, making EM fields reside mostly in the dielectric region because metals can be approximately considered as perfect electric conductors (PECs) into which EM fields cannot penetrate.
However, recent studies [5] [6] [7] [8] [9] [10] [11] have shown that PEC surfaces with arrays of subwavelength holes are able to support strongly confined surface modes with SP-like dispersion relations, i.e., spoof surface plasmons (SSPs). 5, 7 Since SSP dispersion relations can be controlled and designed for almost any frequency, SSPs are useful in steering EM waves. [12] [13] [14] [15] [16] [17] [18] [19] Although diffraction occurs with all types of waves, including EM and sound waves, waves may propagate without diffraction within artificial media designed for large anisotropy. Such a phenomenon, or self-collimation (SC), has been observed in artificial periodic structures of dielectric composites, i.e., photonic crystals, [20] [21] [22] or elastic ones, i.e., phononic crystals. 23, 24 Although metal surfaces with twodimensional (2D) periodic subwavelength holes generate anisotropy in dispersion relations for SPs, researchers have not yet observed SC of SPs due to strong intrinsic absorption by metal surfaces within optical range. Of note, the dispersion relation of SSP is anisotropic for light wavelengths comparable to the period of holes. 8 Such an anisotropic property possibly allows observation of SC of SSPs, 25 opening a new window for steering SSPs from micro-to terahertz waves within a broad spectral range.
In this article, we present both experimental and theoretical demonstrations of the SC of SSPs on a structured brass surface with a periodic array of holes within the microwave range. To predict SC frequency and simulate SC phenomenon near the frequency, we used a 3D finite-difference time-domain (FDTD) method. 26 Further, we employed a pair of monopole antennas to excite and detect SSPs on the sample surface. The scanned horizontal and vertical field intensity distributions of the SSPs revealed a narrow Gaussian envelope at the SC frequency. The width of the Gaussian SSP beam was well maintained, being prevented from spreading during lengthy propagation. Moreover, we observed SSP splitting for frequencies below the SC frequency. Splitting of a SSP beam and subsequent recollimation of each split beam allows the possibility of SSP channeling without employing any special channel structure.
II. PHYSICAL SYSTEM AND NUMERICAL SIMULATION

A. Sample
The physical system under study was composed of a flat metal plate on which was placed a close-packed square array of hollow square-ended brass tubes with an outer side length, i.e., lattice constant, of a = 10 mm, an inner side length, i.e., hole size, of b = 8.75 mm, and a hole depth of h = 40 mm. Further, d = √ 2a represents the diagonal length of the unit cell. Figure 1(a) shows the photographic image of the top view of the brass tube array. The cutoff frequency of the lowest waveguide mode of the individual tube was measured to be 17.14 GHz when air is filled. The structure was designed to produce a flat dispersion surface in the frequency range of around 15 GHz for the transverse magnetic-(TM) polarized SSPs.
B. Numerical simulations
The equifrequency contours (EFCs) for the structured brass surface were obtained via the 3D FDTD method. Bloch periodic boundary conditions were used in the [10] and [01] directions, while perfectly matched layers were placed at the boundaries in the ±z directions. Since metals in the microwave region are treated as PECs, the brass was modeled as a PEC in this study.
The 45
• -rotated magnified views of EFCs for frequencies f = 0.473, 0.512, and 0.532 (in units of c/a)a r es h o w ni n Fig. 1(b) , where 'c' is the velocity of light. For f = 0.512, the structured brass surface displays almost no spatial dispersion in the range of the transverse wave vector k y from −0.04 to 0.04 (in units of 2π/a). Thus, self-collimated propagation of a SSP beam is predicted at f = 0.512, i.e., the SC frequency, which is well demonstrated in the FDTD simulation obtained at the SC frequency and displayed in Fig. 1(c) . The two flat regions responsible for split propagation of a SSP beam were observed near EFC inflection points for f = 0.473, which is below the SC frequency. The maximum angle between the group velocity vector v g and the k x vector was defined as θ m /2.
III. EXPERIMENTAL SETUP
Small monopole antennas were employed to generate and detect SSPs. Since a point source generated near-fields with wave vectors of various directions and magnitudes, a small antenna placed near a metal air-holed surface was able to generate SSPs. SSPs on such a surface revealed only TM polarization in which the magnetic field was parallel to the surface, while the loop-shaped electric field extended vertically from the surface. 7 Therefore, the vertical components of SSP electric fields, as well as those radiated from a vertical monopole antenna, were able to couple very efficiently. Hence, SSP field intensities could be readily measured using a pair of monopole antennas arranged in the vertical direction, as depicted in Fig. 2 . The diameter of monopole antennas is 1.6 mm and the length is 10 mm. The detector antenna is mounted on an xyz stage to measure electric field distribution at any given point. The sample is surrounded by a microwave absorber with −20 dB reflectance at normal incidence.
IV. EXPERIMENTAL RESULTS
A. Propagation of SSP beams
SSPs on the structured brass surface were characterized by measuring evanescent electric field intensity within the air side with two microwave monopole antennas and a network analyzer (Agilent HP8720B). Figures 3(a) and 3(b) show measured and fitted electric field intensities at 15.60 GHz in vertical and horizontal directions, respectively, which are normal to the propagation direction. Of note, the EFCs obtained with the FDTD calculations predicted the SC phenomenon at 15.36 GHz, whereas the SC phenomenon was experimentally observed at 15.60 GHz with about 1.5% difference in the value of the SC frequency. The self-collimated SSP beam decays exponentially in the z direction with a decay constant of 0.649 cm −1 . Oscillations in the measured horizontal profile of the electric field along the y direction just above the sample are due to the fact that the fields are strongly confined above the metal region and weakly above the air hole region, on the periodically structured brass surface. 7 The envelope of the horizontal field intensity profile on the surface displays a narrow Gaussian shape with the beam width of about 3d, confirming that the SSP beam does not diverge. All these results not only imply that the electric fields are strongly localized at the interface of air and the structured metal but also that the EM power substantially flows along the interface.
To observe the evolution of the SSP beams, we varied the frequency from 13.80 to 16.20 GHz at the interval of 0.012 GHz, measuring the electric field intensity at 73 points in the step of 0.25d along the y direction on the z = 0.5 mm plane for several values of x. As a result, an electric field intensity distribution was obtained as a 73 × 401 matrix for each point. Figure 4 (a) displays intensity distributions measured on the z = 0.5 mm plane as a function of y at x = 6d,16d,26d, and 36d. Such figures elucidate the evolution of SSP beams on the interface and, thus, the varying field intensity distribution in the propagation direction for various frequencies. While SSP beams at the SC frequency propagate effectively without spread, those at frequencies below or above the SC frequency diverge. For comparison, Fig. 4 (b) depicts measured SSP beam width for 15.60 and 16.20 GHz as a function of propagation distance. To obtain the beam width, a standard definition of the full width at half maximum (FWHM) is used. During the beam propagation from x = 6d to x = 36d, the envelope of intensity profile along the y axis is fitted with a Gaussian curve and the FWHM of self-collimated SSPs for 15.60 GHz increases 4 mm, from 43 to 47 mm, whereas the FWHM obtained for the beam of 16.20 GHz expanded from 57 to 81 mm. For frequencies above the SC frequency, the EFCs have lenslike topology; therefore, the traveling SSP 
B. Propagation loss
Propagation loss, which is an important issue in the application of SSPs, is calculated to be 0.157 dB cm −1 from the peak values of beam intensities at x = 6d and 36d for the SC frequency of 15.60 GHz, assuming that the shape and width of the wave profiles at the SC frequency remain unchanged. Power loss per one SSP beam wavelength (∼1.9 cm) at 15.60 GHz was about 0.3 dB. Propagation loss obtained by such a method is meaningless for all SSP frequencies, except the SC frequency, since the beam experiences broadening as it propagates. Scattering via irregular roughness at the interface and also the surface current are deemed to cause the losses.
C. Splitting of a SSP beam
Worth mentioning, SSPs display split propagation into two beams for frequencies below the SC frequency, as shown in Fig. 4(a) [also in the intensity profile obtained at 14.40 GHz in Fig. 4(c) ]. Figure 5 (a) depicts the measured electric field intensity (black dotted line) at 14.40 GHz where x = 26d and the measured data were fitted with a two-peak Gaussian curve (red line). The vertical lines and numbers in blue denote the peak positions. The two split SSP beams propagate with no appreciable spread. Figure 5 (b) displays peak positions y (in units of d) obtained by use of a two-peak Gaussian fitting method (symbols) and linearly fitted (lines) for beams of frequencies of 13.80, 14.10, 14.40, and 14.70 GHz. SSP beam splitting is explained by the existence of two flat regions near the EFC inflection points of the structure at frequencies below the SC frequency, as shown in Fig. 1(b) . The divergent angle between the directions in which the two split beams propagate was determined by the angle θ m , as defined in Fig. 1(b) ,a t the EFC inflection points. As the frequency approaches the SC frequency, θ m diminishes, and thus the two individual peaks become barely separated. Further, a similar phenomenon occurs in 2D slab photonic crystals, as reported in Ref. 21 .The angles between the fitting lines, θ fit in Fig. 5 Such splitting phenomena associated with SSP beams could be used in channeling since split SSP beams can be collimated with appropriately designed surface structures. For example, on a structured brass surface with h = 1.0a, EFC calculations reveal that the SSP beam at 15.10 GHz collimates when b = 0.9a but splits when b = 0.7a. Figure 6 by an additional region A. The two beams split in region B, displaying self-collimated propagation again in the second A region. Though the intensities of the recollimated beams weaken in comparison with those of the initial collimated beam, the simulated results imply that channel SSPs can be realized without any special waveguide structures.
V. CONCLUSION
Possible new designs for the SSP dispersions relation hold the promise of SC frequency control of surface wave propagation on structured metal surfaces. Likewise, the almost perfect conductive properties of conventional metals in the terahertz range inspire us to predict self-collimated propagation of terahertz SSPs as well. In particular, the absence of interaction between intersecting self-collimated SSPs hold possibilities for waveguide application, such as waveguide interconnection with low channel crosstalk in the terahertz range. In addition, SSP beam splitting and subsequent recollimation of each split beam on a structured conductor surface provide the possibility of SSP channeling without introducing any special channel structures. Designing splitters, mirrors, and filters to manipulate self-collimated SSP beam propagation will be undeniably challenging.
In conclusion, we have demonstrated the SC of SSPs on a structured brass surface with a periodic array of holes in microwave range. Moreover, we observed SSP splitting for frequencies below the SC frequency. Our demonstration of diffractionless propagation of SSPs based on the designable dispersion relation is promising in opening new windows for steering SSP propagation, as well as inspiring new ideas for device applications.
